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Abstract
Magnetic nanohole arrays are important systems for propagation of magnetic excitations and
are among the potential candidates for magnonic crystals. A thorough investigation of
magnonic band structures and the effect of the geometry of the array on them are important.
Here, we present a systematic micromagnetic simulation study of magnonic modes in cobalt
nanohole (antidot) arrays. In particular, we investigate the effects of the areal density and
symmetry of the array and defects introduced in the array. The magnonic modes are strongly
dependent on the density and the symmetry of the array but are weakly dependent on the
defects. We have further investigated the modes in a tailored array consisting of equally wide
hexagonal arrays with varying density. The magnonic spectrum of the tailored array contains
additional modes above the modes of the constituent arrays due to the appearance of irregular
domain structures at the regions joining arrays of two different types. This opens up the
possibility of tuning the magnonic bands in magnetic nanohole arrays by careful design of the
structure of the array.

1. Introduction

Nanomagnet arrays have recently been a system of intense
interest due to a broad range of potential applications including
data storage [1], magnetic sensors [2], biomedical applications
[3] and more recently for magnetic logic [4] and magnonic
crystals [5]. On the other hand, the study of magnetic
excitations in densely packed arrays of nanomagnets provides
a test bed for investigating the static and dynamic dipolar
coupling between the elements in an array and the occurrence
of a vast range of magnetic ground states and the resulting
magnonic spectra [6–10]. Magnetic nanohole (antidot) arrays
are well-known candidates for magneto-photonic crystals due
to the influence of magnetic field on the light coupling
to surface plasmons in such systems [11–13]. Static and
dynamic magnetic properties of magnetic nanohole arrays are
a relatively new topic of interest [13–17], and the magnetic
ground states of such systems depend strongly on the shape
and size of the magnetic materials between the nanoholes

[13–15]. Magnetic nanohole arrays do not suffer from the
superparamagnetic effect even at the deep nanoscale dimension
due to the absence of any isolated small magnetic entity. The
holes introduce locally distributed shape anisotropy and act
as pinning centres for the wall displacements and spin waves.
The hole pattern modifies the magnetic behaviour of the thin
films and gives rise to an increase in the coercive field of
the in-plane magnetization with increasing hole diameter and
to the appearance of out-of-plane magnetization components
[18]. Consequently, the periodicity of these structures has a
strong influence on their magnetization processes.

One of the most important recent applications of magnetic
nanohole arrays is magnonic crystals [5], a microwave
analogue of the so-called photonic and sonic crystals.
Magnonic crystals deal with the opportunity to modify the
short wavelength magnetic excitation spectra in spatially
modulated magnetic materials, which leads to the area of
artificial structures, aiming at the design of novel materials
with powerful functionalities. To reach the goal it is important
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to investigate various possible periodic and non-periodic
artificial structures and their effects on the magnonic spectra
in terms of the various physical parameters. A control over
the magnonic spectra would lead to the formation of the
final device. Magnetic nanohole arrays with sub-100 nm
diameter can be fabricated by two distinct methods, the
conventional lithographic techniques [19] or by deposition of
thin films on periodically porous templates such as anodic
alumina membranes [20] or self-assembled nanospheres [21].
The second method provides a less expensive route to
producing periodic nanohole arrays whose interhole spacing
and hole diameter are controllable to some extent. However,
lithography is a more versatile tool by which nanohole arrays of
virtually any symmetry, interhole separation and hole diameter
could be fabricated. Moreover, one can introduce defects
and impurities by careful design of the pattern and multi-step
lithography. Micromagnetic simulations provide us with a
virtual experimental route to understanding the fundamental
physics involved and to elucidating the guiding principles
towards the design of an advanced structure before getting into
the expensive nanofabrication and characterizing techniques.
We have taken this route to understand the magnonic spectra in
cobalt nanohole arrays of different symmetries and interhole
spacings. We have also investigated the effect of introducing
defects in such structures on the magnonic spectra. Finally, by
combining the knowledge of the influence of various physical
parameters on the magnonic spectra, we design a simple
structure to manipulate the magnonic band structure in cobalt
nanohole arrays.

2. Method

We have studied arrays of circular holes with diameter
=100 nm on a cobalt film of 20 nm thickness. We have
studied arrays of various symmetries and for a square array
we found that 7 × 7 elements is the minimum number of
elements required to correctly include the effect of long-range
magnetostatic interaction in a large array. This is supported
by earlier reports of micromagnetic simulations on arrays [22].
For arrays having other symmetries or defects, similar numbers
of elements were included in the arrays. Time-dependent
micromagnetic simulations were performed by solving the
Landau–Lifshitz–Gilbert (LLG) equation [23] using the public
domain software Object Oriented Micromagnetic Framework
(OOMMF) from the NIST website [24]. Calculations were
performed by dividing the samples into a two-dimensional
array of cuboidal cells with dimensions of 5 nm×5 nm×20 nm.
Further simulations were performed with 5 nm × 5 nm × 5 nm
cells but no significant changes were observed in the static
and dynamic magnetic behaviours. The simulations assume
typical material parameters for cobalt, 4πMS = 17.6 kOe,
A = 3.0 × 10−11 J m−1, HK = 5.2 × 105 J m−3 and g =
2.2, where MS is the saturation magnetization, A is the
exchange stiffness constant, HK is the anisotropy field and
g is the Lande ‘g’ factor. The finite thickness of the film
affects the result through the demagnetizing field. The linear
dimensions of the cells are comparable to the exchange length
in cobalt. Further discussions regarding the dependence of
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Figure 1. (a) The geometry of the applied magnetic field to the
samples for the simulations of magnetic hysteresis loops and the
coordinate system used in the study are shown. The magnetic
hysteresis loops for hexagonal hole arrays with width to separation
ratio (w/s) of 5 : 2 and 1 : 1 are shown in the right panel. (b) The
time-resolved magnetization and the corresponding FFT spectra are
shown for a cobalt square element with 1.35 µm width and for
nanohole arrays with hexagonal symmetry and with w/s = 1 : 2,
2 : 3, 1 : 1, 3 : 2, 5 : 2 and 4 : 1. The geometry of applied static and
pulse fields to the arrays is shown in the inset. The shaded regions in
the FFT spectra indicate the modes of the 1.35 µm square element.
(c) The spatial distribution of magnetization in response to a
sinusoidal field oscillating at the resonance frequencies of the cobalt
square element at two antinodes (π/2 and 3π/2) of a single cycle of
the sinusoidal field. The arrows and pixels correspond to the spatial
distribution of the out-of-plane component of magnetization (Mz)
for the centre and the edge modes.

micromagnetic simulation results on cell size may be found
elsewhere [25, 26]. The change in relative energy error as the
cell size reduces well below the exchange length is generally
not significant compared with the increase in the required
computation time.

The magnetic hysteresis loops were calculated by first
increasing the field to +5 kOe (above positive saturation) and
then varying the field between +5 kOe and −5 kOe at steps
of 25 Oe for a full cycle and by measuring the equilibrium
magnetization at each step of the magnetic field. The geometry
for application of the magnetic field is shown in figure 1(a).
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The static magnetic configurations were obtained by first
applying a large enough bias field to fully magnetize the sample
and then allowing the magnetization to relax for 12 ns. The
applied field was then reduced to the bias field value and the
magnetization was further allowed to relax for another 12 ns.
During this process α was set at 0.5 so that the precession
dies down quickly and the magnetization fully relaxes within
12 ns. The bias field and the time-dependent magnetic field
(pulse or harmonic) were applied to the sample in the geometry
as shown in figure 1(b) and the dynamic magnetization and
magnetic fields averaged over the entire sample volume and
the time-resolved images of the sample magnetization were
saved for a total duration of up to 4 ns at intervals of 5 ps. A
unique damping parameter of 0.01 for cobalt was assumed in
the dynamic simulations.

3. Results and discussions

Figure 1(a) shows the typical simulated magnetic hysteresis
loops for hexagonal hole arrays with width (w) to separation
(s) ratios of 5 : 2 and 1 : 1. The observed remanences
(Mr/MS) for all samples are greater than 95% and at the
chosen bias field (Hb) of 500 Oe, the magnetizations of all
samples are nearly saturated along the field direction. Next,
we have simulated the dynamics of a square element with
1.35 µm width and 20 nm thickness. This is the typical sheet
material on which various nanohole arrays were patterned,
and it is important to understand the magnonic modes of this
structure in order to isolate the characteristic modes of the
nanohole arrays from those of the sheet material. A bias
field of 500 Oe and a pulse field h(t) with risetime of 30 ps
and peak amplitude of 30 Oe were applied to the element.
Figure 1(b) shows the time-dependent magnetization of the
square element and the corresponding fast Fourier transform
(FFT) spectrum calculated by using a Welch window [27].
Two distinct resonance modes are observed for the square
element, which is a signature of the centre and edge modes
as are usually observed in microscale rectangular and square
magnetic elements [28]. As a further confirmation we have
replaced the pulse field h(t) by a sinusoidal field hac of the
form

hac = hac0
(
1 − e−at

)
sin 2πf t (1)

that oscillates at the resonance frequency (f ) of each mode.
The exponent a was chosen so that the sinusoidal field grew
to full amplitude within a few cycles of oscillation. A slightly
higher damping coefficient of 0.05 was chosen so that other
modes, which appear immediately after the application of the
ac field, dissipate quickly leaving only the mode corresponding
to the frequency of the driving field. Figure 1(c) shows the out-
of-plane component of magnetization from the square element
after 50 cycles of oscillation for phase values of π/2, and
3π/2 during a single cycle of the sinusoidal driving field. The
high frequency mode (at 39.4 GHz) is uniform over the entire
sample apart from the small demagnetized regions close to the
edges (centre mode). The low frequency mode (at 20.4 GHz)
is localized only in the elements at the edges perpendicular to
the bias magnetic field (edge mode).
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Figure 2. Magnonic mode frequencies of hexagonal arrays of
nanoholes are plotted as a function of the separation between the
nearest holes. The spatial distribution of various modes of the arrays
with separation = 200 nm (w/s = 1 : 2), 100 nm (w/s = 1 : 1) and
40 nm (w/s = 5 : 2) are shown. Due to visual clarity only the
relevant areas of the arrays are shown. The pixels correspond to the
spatial distribution of the out-of-plane component of magnetization
(Mz).

Dynamics of arrays: effect of areal density. Next, we
investigate the dynamics of hexagonal arrays of holes with
varying areal density, which is defined in terms of the w/s

ratio of holes in the arrays. We have studied arrays with w/s

ratio varying from 1 : 2 (most sparse array) to 4 : 1 (most
dense array). A bias field of 500 Oe and a pulse field with
a peak amplitude of 30 Oe and a risetime of 30 ps were
applied to the arrays in the geometry as described above
and the time-resolved magnetization of the arrays and their
corresponding FFT spectra are shown in figure 1(b). In the
sparser arrays with w/s up to 1 : 1, the centre and edge modes
of the cobalt square element are dominant, but with the increase
in the density of the arrays these modes become weaker and
nearly invisible for arrays with w/s = 5 : 2 and 4 : 1.
However, a number of modes originate due to the presence
of the holes and their frequency spectra vary significantly with
the variation of the geometry of the arrays. In the array with
w/s = 1 : 2, four lower frequency modes were observed
with peaks at 11.35 GHz, 10.0 GHz, 7.9 GHz and 6.15 GHz.
With the increase in the areal density of the array, first the
frequencies of these modes increase and then reach a maximum
for w/s = 1 : 1, while the number of modes decreases down to
2. For w/s = 3 : 2 the frequency of these two modes decreases
slightly, but beyond that there is a drastic change in the hole
modes. Only a single and long lasting mode is observed
for these arrays and the frequency of this mode is reduced
drastically to about 5.3 GHz for arrays with w/s = 5 : 2 and
4 : 1. The high frequency oscillations due to the modes of the
cobalt square element are still present but last only for the first
few tens of picoseconds, and as a result the spectral weights
of these modes are extremely small. The magnonic modes are
all plotted as a function of the distance between the nearest
neighbours in figure 2.
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Figure 3. The equilibrium magnetization of hexagonal arrays of
cobalt nanoholes of various width to separation ratios are shown. A
bias field of 500 Oe is applied to the sample in the geometry as
shown in figure 1(b). The arrows (Mx) and pixels (My) correspond
to the spatial distribution of the in-plane component of
magnetization.

In order to understand the nature of the magnonic modes
in hexagonal arrays of Cobalt nanoholes, we have examined
the spatial nature of these modes. Figure 3 shows the spatial
variation of the static magnetization (My) under a bias field
of H = 500 Oe. For visual clarity we have shown only the
central part of the arrays but the spatial distributions of the
whole arrays are similar apart from the narrow edge regions.
In general, the creation of the holes forces the magnetization
around the boundary of the holes to deviate from being parallel
to the bias field, which creates four distinct demagnetized
regions at the boundary of each hole. For a single hole the
demagnetized regions, which lie diagonally opposite each
other, are of the same sign. For the whole array, the
demagnetized regions for the nearest neighbouring holes are of
opposite sign, while those for the next nearest neighbours are of
the same sign. The demagnetized regions act as the boundary
for various modes localized between the holes (hole modes).
In addition, there are extended modes within the physical
boundary of the array of two different origins. The coherent
precession of magnetization of the whole array gives rise to the
centre mode of the array and the precession of magnetization
confined within the edge of the array gives rise to the edge
mode of the array. For sparser arrays, the array modes (centre
and edge) are dominant but with the increase in the density

of the holes, a large deviation of the magnetization around the
holes reduces the amplitude and the lifetime of the array modes,
which nearly vanishes for a w/s ratio greater than 3 : 2. For
arrays with a smaller w/s ratio the demagnetization regions
close to the edges of the holes have much smaller volumes
compared with the uniform magnetization between the holes.
Consequently, various modes within this uniform region have
a much higher amplitude for the arrays with w/s ratio up to
3 : 2. Figure 3 shows the spatial variation of various modes of
the array with w/s = 1 : 2. The highest frequency mode at
11.35 GHz resonates uniformly over the entire region between
the nearest holes. With reducing frequency the modes become
increasingly localized within the central region between the
nearest holes and the lowest frequency mode is localized with
a region that is less than 30% of the total volume between the
nearest holes. With the increased value of w/s ratio the space
between the holes reduces and consequently the demagnetizing
field also reduces. The frequency of the modes increases due to
the increased effective field, which is the difference between
the external field and the demagnetizing field. On the other
hand, the number of hole modes reduces to two in arrays with
w/s = 1 : 1 but an additional mode at a higher frequency (at
26.5 GHz) appears. The spatial variations of the two lower
frequency modes in this array appearing at 16.18 GHz and
14.97 GHz are shown in figure 2. The mode at 16.18 GHz
is due to the uniform precession of magnetization between the
nearest holes. However, in these arrays the demagnetization
regions of the next nearest holes form a dynamic confinement
for the magnetization lying between two consecutive rows and
a new mode at 14.97 GHz appears due to the precession of
magnetization within this confined region. The edge mode
around the holes starts to take a significant amplitude even
for w/s = 1 : 1 but is not visible in the FFT spectra due to
the large amplitude of the other modes. When w/s is greater
than 3 : 2 the edge mode drastically gains large amplitude and
becomes the most dominant mode for these arrays. The edge
mode has a much lower frequency (around 5 GHz) as compared
with the centre modes due to the smaller effective field in the
highly demagnetized edge regions. The variation in the w/s

ratio in the hexagonal array of holes shows a large variation
in the frequency spectra of the modes and the dominant mode
frequency can be tuned from about 40 GHz down to 5 GHz in
these samples.

Effect of symmetry. Next, we investigate the effect of the
symmetry of the array on the dynamics and we choose
three different arrays with square, hexagonal and octagonal
symmetries. The square array is made of 7×7 elements, while
the arrays with hexagonal and octagonal symmetry consist of
similar numbers of elements. The w/s ratio for all arrays
is maintained as 1 : 1. The equilibrium magnetization states
at a bias field of 500 Oe for all three samples are shown
in figure 4(a). The equilibrium magnetization states clearly
indicate the origin of various types of modes in all three
structures. In the hexagonal array the demagnetization regions
of the next nearest neighbours are close to each other as
compared with the square array, and in the dynamic regime
they form magnetic boundaries and hinder the magnetization
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Figure 4. (a) The equilibrium magnetization of arrays of cobalt nanoholes of hexagonal, square and octagonal symmetries are shown. The
arrows (Mx) and pixels (My) correspond to the spatial distribution of the in-plane component of magnetization. (b) The time-resolved
magnetization and the corresponding FFT spectra are shown for arrays of three different symmetries. In the inset, the topological images of
the samples are shown. The spatial distribution of the magnonic modes are shown in the inset of the FFT spectra. The pixels correspond to
the spatial distribution of the out-of-plane component of magnetization (Mz).

in the stripe between two rows to precess uniformly and to form
an extended mode. Instead, a mode confined within a small
triangular region is observed in addition to the mode confined
in the region between two nearest holes. On the other hand, in
the square array the magnetization is free to precess uniformly
in the region between two columns of holes and the dominant
frequency mode at 13.7 GHz is an extended mode as shown in
figure 4(b). In the octagonal array the arrangement of the holes
forces an octagonal boundary formed by the demagnetized
regions, and a low frequency mode at about 1.95 GHz develops
within that region. The spatial profile of the mode at 1.95 GHz
is shown in figure 4(b). The centre and edge modes of the
square element are present in all arrays with similar amplitudes,
and hence the overall effect of the variation of symmetry of the
array is to shift the lower bound of the frequency spectra from
about 16.18 to 1.95 GHz.

Effect of defects. We have further investigated the effect of
introducing defects in the arrays on the magnonic spectra.
We have selected the hexagonal array with w/s = 1, where
two distinct modes due to the holes were observed. We have
introduced two types of defect, the first one being a regular
one where the alternate hole at the centre of the hexagon is

blocked (defect #1) while the second one is more irregular
and here two columns of holes are blocked (defect #2) to
facilitate an extended mode along the continuous stripe-like
magnetic area. The resulting time-resolved traces and the FFT
spectra are shown in figure 5. The introduction of defects does
not affect the magnonic spectra significantly. For defect #2
the spectra remain identical while for defect #1 the splitting
increases by about 0.7 GHz because the lower frequency mode
undergoes a red shift by the same amount. The creation of
a new mode inside the confined hexagonal region due to the
alternate blocking of holes is responsible for the subtle change
in the frequency spectra in the array with defect #2.

Tailored array. The dependence of magnonic spectra on the
symmetry and areal density of the array, and induced defects
suggest that the most efficient way to tune the magnonic spectra
in such structures is by varying the areal density of the array. In
order to demonstrate this we have designed a simple array with
three equally wide regions consisting of hexagonal arrays with
w/s ratios of 1 : 2, 1 : 1 and 5 : 2 appearing in increasing order.
These three arrays showed dominant frequency spectra at three
distinct regions lying between 40 and 5 GHz and hence their
combination is expected to produce a dynamics containing
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Figure 5. The time-resolved magnetization and the corresponding FFT spectra of cobalt nanohole arrays of hexagonal symmetry with two
different types of defects and without defects are shown. The spatial distribution of the magnonic modes and the topological images of the
arrays are shown in the inset of the FFT spectra. The typical regions from which the dynamic magnetization distributions were taken are
shown by dashed squares in the topological images. The pixels correspond to the spatial distribution of the out-of-plane component of
magnetization (Mz).

the modes of all the constituent arrays. In figure 6 we show
the time-resolved magnetization and the corresponding FFT
spectrum for the tailored array. A large number of modes
appear with varying amplitudes and for visual clarity the region
between 10 and 25 GHz is magnified by a factor of five. The
spectrum extends from about 1 to 40 GHz and consists of a
number of single and bands of resonant modes, which are
either spatially extended or localized within small regions of
the sample. The spectrum consists of characteristic modes
of the constituent arrays and some additional modes, which
are marked by asterisks. The additional modes are probably
originating from the localization of modes at the regions
joining two different arrays, where a sudden discontinuity
of magnetization occurs. Overall, the frequency, amplitude
and localization of the modes are tuneable by varying the
physical parameters of the arrays. The possibility of varying
the material and the applied field would make it possible to
tune the magnonic spectra even further and various microwave
transmission lines, filters and attenuators may be built out of
these materials.

4. Conclusions

In summary, we have investigated the magnetic excitation
modes in arrays of nanoholes patterned on a square cobalt thin
film by using micromagnetic simulations. The dependence of
the mode frequencies and spatial patterns were investigated
on various physical parameters, including areal density and
symmetry on the arrays and on designed defects in an array with
hexagonal symmetry and with a w/s ratio of 1 : 1. The areal
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Figure 6. The time-resolved magnetization and the corresponding
FFT spectrum of a tailored cobalt nanohole array are shown. The
equilibrium magnetization of the array at a bias field of 500 Oe is
shown in the inset of the time-resolved data. The peaks in the FFT
spectrum, which are not the characteristic modes of the constituent
arrays are marked by asterisks. The arrows (Mx) and pixels (My)
correspond to the spatial distribution of the in-plane component of
magnetization.
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density and symmetry are found to affect the mode frequencies
and patterns significantly due to the appearance of modes
localized within different regions of the arrays. Defects of
large density do not affect the mode frequencies significantly.
Finally, we have demonstrated that by combining arrays
of various areal densities a broader and tuneable magnonic
spectrum can be obtained, which may form the basis for
designing magnonic crystals based on magnetic nanohole
arrays.
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